Introduction
Methotrexate (MTX) is an antimetabolite that is used both intravenously and intrathecally for the treatment of many cancers. MTX is also commonly used for CNS prophylaxis which is important during therapy of childhood cancers. Unfortunately, MTX can generate neurotoxic side effects such as leukoencephalopathy (LE), which may present as focal weakness, seizures, headaches, and confusion. However, unlike a vascular stroke, the symptoms in MTX LE are transient and can resolve without intervention. It is important to be able to distinguish MTX-induced LE from a stroke in an emergency setting to aid appropriate triage and treatment. Herein, we report two cases of MTX neurotoxicity mimicking stroke-like symptoms and highlight salient features to enable timely and appropriate diagnosis in the emergency room.
Case Reports Case 1
An 18-year-old man with a 2-month history of T-cell acute lymphocytic leukemia (ALL), for which he was receiving the augmented Berlin-Frankfurt-M€ unster chemotherapy regimen as part of a treatment protocol, presented to the emergency department (ED) with slurred speech and left-arm weakness witnessed by his mother of a few hours evolution. His most recent dose of intrathecal MTX (12 mg) had been given 12 days prior to the visit. He was given was given leucovorin (30 mg intravenously), methylprednisolone (40 mg intravenously), as well as dextromethorphan (DM; 65 mg intravenously), which improved his symptoms. An MRI of the brain revealed confluent nonenhancing fluid-attenuated inversion recovery (FLAIR) hyperintensity in the periventricular white matter, asymmetrically more on the right, and also involving the genu of the corpus callosum (Fig. 1) . There was no evidence of restricted diffusion, midline shift, or mass effect. The transient LE findings were thought to be secondary to intrathecal MTX-induced LE, and symptoms resolved with leucovorin, methylprednisolone, and DM. The patient continued with the augmented Berlin-Frankfurt-M€ unster regimen, but intrathecal MTX was omitted from the regimen. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Case 2
A 17-year-old girl with a history of high-grade osteosarcoma of the right distal femur, for which she had undergone extensive surgery and reconstruction with prosthesis, presented to our emergency center with the chief complaints of slurred speech, weakness, and numbness on the right side of the face and right arm after waking up from a nap. She was receiving doxorubicin, cisplatin, high-dose intravenous MTX (12 g/m 2 ), and leucovorin calcium 20 mg orally q 6 h started 30 h post-MTX as part of a clinical protocol. Her last dose of MTX had been administered about 5 days prior to her visit to the ED. She had flattening of the right nasolabial fold and an absent gag reflex. Her symptoms resolved within 4 h but recurred after an MRI was performed, with right facial paralysis being the most obvious symptom. MRI of the brain demonstrated an area of restricted diffusion in the left corona radiate and centrum semiovale without any associated FLAIR signal abnormality or enhancement (Fig. 2) . These findings were attributed to the high-dose MTX. The patient was treated with aminophylline, DM (30 mg by mouth) and a course of leucovorin, recovering with no evidence of any symptoms after 2 days. Protocol therapy was discontinued and changed to doxorubicin, cisplatin, ifosfamide plus etoposide. 
Discussion
High-dose intrathecal methotrexate has shown to decrease central nervous system disease or metastasis in childhood acute lymphocytic leukemia and non-Hodgkin lymphoma [1] . Although MTX-related neurotoxicity is rare, acute and subacute neurological symptoms including seizures, sudden onset of transient paresis, blurred vision, aphasia, anarthria, pseudobulbar palsy, loss of consciousness, opisthotonus and confusion have been reported in the literature [2] [3] [4] [5] . While these side effects can occur days or a few weeks after treatment with intrathecal MTX, a delayed form of MTX-induced neurotoxicity can manifest several months to years after treatment with intrathecal MTX [6] [7] [8] [9] . Symptoms in acute-subacute MTX-induced LE are transient and can resolve within a few days with clinical recovery occurring 1-10 days after the onset of LE [10] . The etiology of acute neurological deficits in cancer patients receiving chemotherapy includes stroke, infection, neoplastic involvement of the central nervous system, drug-induced neurotoxicity, metabolic or electrolyte derangement. In stroke, restricted diffusion is a hallmark finding but corresponds to distinct vascular territories, and there is evolution of the imaging findings with development of enhancement and later on encephalomalacia. Additionally, there is either gradual improvement or lack thereof clinically, usually without any spontaneous resolution of symptoms and signs. Neoplastic or infectious pathologies of the brain generally demonstrate contrast enhancement and mass effect. MRI findings in MTX-associated LE vary based on whether the patient is symptomatic or not. In asymptomatic patients imaged during treatment deep white matter T2/FLAIR hyperintensity are identified. Patients presenting with acute symptoms in MTX-related LE have more atypical localization of changes on T2/FLAIR such as within the supratentorial cortex, subcortical white matter, thalamus, basal ganglia, cerebellum, and brainstem. Also, typically, acute to subacute LE demonstrates restricted diffusion, without initial FLAIR signal abnormality on MR imaging of the brain. One of our cases demonstrated the typical restricted diffusion findings in the left corona radiate and centrum semiovale accounting for her right sided weakness and numbness. The other patient demonstrated diffuse T2/ FLAIR signal abnormality without any restricted diffusion, the latter not previously reported in acute symptomatic MTX-related LE. This case highlights that restricted diffusion may not always be present on the MRI acquired with ongoing symptoms and that nonspecific appearing diffuse white matter T2/FLAIR changes in a young person should raise suspicion for MTX-induced LE especially in the presence of stroke-like symptoms.
Methotrexate neurotoxicity can have a fluctuating course and occur more than once [11] . Bhojwani et al. have also shown that patients older than 10 years had a higher risk of MTX neurotoxic events than those between the ages of 1 and 10 years [12] . This is reflected in our two cases, as well as in the majority of the case reports in the literature, with most patients being older than 10 years. Additionally, the prevalence of LE associated with intravenous MTX is dose dependent as described in 45 children with ALL treated with seven courses of intravenous MTX without cranial irradiation. Importantly, the prevalence of LE decreased by half after the completion of intravenous MTX [13] .
In addition to identifying patients most at risk, it is important to understand the mechanisms of MTX and how it affects the brain. Methotrexate is an antimetabolite that inhibits dihydrofolate reductase (DHFR) and hence the formation of tetrahydrofolate. The synthesis of macromolecules such as myelin is affected, and reversible LE has been suggested to be secondary to impairment of myelin turnover [1] . In addition, inhibition of DHFR decreases S-adenosylmethionine (SAM), which in turn plays a role in maintenance of the myelin sheath, and thus, SAM deficiency can lead to demyelination with intrathecal MTX [14, 15] . DHFR inhibition also leads to lack of folate and cobalamin, as well as an increase in homocysteine. Homocysteine which is toxic to vascular endothelium may cause seizures and vascular disease [16, 17] . It has also been reported to be present at elevated levels in the cerebrospinal fluid of patients experiencing neurotoxicity when compared to asymptomatic patients [18] . MTX has further been reported to lead to high levels of adenosine in the cerebrospinal fluid, interfering with neurotransmitter synthesis [19, 20] .
Drugs such as leucovorin, DM, and aminophylline have been described to be useful in addressing the metabolic derangements mentioned above and ameliorating the side effects of MTX. Leucovorin (folinic acid) a reduced folic acid serves as a source of tetrahydrofolate which is inhibited by MTX. It has also shown to be useful for other MTX side effects such as nephrotoxicity [21] , and nausea and vomiting [22] . Homocysteine metabolites are agonists of N-methyl-D-aspartate receptors; therefore, noncompetitive antagonists such as DM are recommended for the treatment of MTX neurotoxicity [12, 16, 23] . In a case series, five patients with progressive neurological symptoms such as dysarthria, cranial VII palsy, and hemiparesis 1-2 weeks after receiving a dose of MTX were given DM (1-2 mg/kg orally) and the symptoms resolved [18] . Aminophylline an antagonist of adenosine has been used in treatment of MTX side effects with four of six patients demonstrating resolution of neurotoxic symptoms [24] . Methylprednisolone, a steroid, has also been shown to improve juvenile dermatomyositis when combined with MTX [25] . Some of these drugs may also work well when combined as reported in a case of a 20-year-old woman with rapid deterioration in a conscious state, including diminished verbal output and behavioral changes, who was given leucovorin (2500 mg) and intravenous aminophylline (145 mg) for 7 days. MRI a month later showed complete resolution of bilateral white matter T2 signal abnormality [26] . The efficacy of combination regimen was also seen in our two cases where administration of leucovorin, methylprednisolone, and DM in the 18-year-old man, and aminophylline, DM and course of Leucovorin in the 17-year-old girl, resulted in symptom resolution.
The two cases reported here, in addition to the previous publications of MTX-induced LE, emphasize the importance of recognizing the neurological side effects of intravenous and intrathecal MTX which can be managed easily and are reversible. Although they symptomatically can resemble a stroke, mistaking a case of MTX-induced LE as such can be detrimental if managed as a cerebrovascular accident. This was demonstrated in a recent case of a 16-year-old girl with ALL treated with intravenous and intrathecal MTX who presented with sudden onset of paresthesia on the left side of her face and body. She was misdiagnosed as having a stroke and was unnecessarily given antiplatelets treatment [27] . This could have been prevented if healthcare staff were cognizant of MTXinduced LE symptoms, and if even patients were informed of the stroke-like symptoms that accompany MTX neurotoxicity.
In summary, MTX-induced LE should be part of the differential diagnosis for all patients presenting with stroke-like symptoms after receiving MTX either intravenously or intrathecally. Imaging findings on MRI of the brain assist in ruling out stroke and aid in the diagnosis of LE. Healthcare professionals practicing emergency medicine in the community and outside an oncologic setting should be aware of MTX toxicity mimicking a stroke. This is imperative to enable appropriate triage for this reversible condition and more importantly to avoid activation of stroke treatment protocol and possible detrimental effects of stroke therapy.
